The properties of the transition states for the electrophilic addition reactions of four molecules of the type HX (X = Br, Cl, F and OH) to 1-propene form 2-X propane by the Markovnikov mechanism have been calculated using Density Functional Theory (DFT). A comparative study of the transition state along the reaction path for both M and AM addition was studied in order to understand the origins of regioselectivity of H 2 O. The quadrapolar nature of the transition state is arises because of a sequential mechanism, in which the addition across the -bond occurs in two steps, first H + and then X  . The M reaction mechanism is consistent with a H  X  dipole which induces an oppositely polarized C1  C2  dipole in the transition state, resulting in a quadrupole. The C1  C2  dipole in the M mechanism is consistently larger than the C1  C2  dipole of the AM transition state for all species studied.
Introduction
The reactivity of H 2 O with -bonds has important applications in industry and biology.
Industrial production of 2-propanol by hydration of 1-propene was one of the first processes developed in chemical industry. This hydration reaction is has been optimized by experimentation over the years. Acid catalysis is known to play an important role and appropriate catalysts can alter the regioselectivity. However, the fundamental relationship between the hydration of alkenes and Markovnikov addition in organic synthesis has not been fully elucidated despite their obvious similarities. Moreover, ground state hydration processes, which can occur for any isolated -bond have a relationship to a number of important photohydration reactions. [1] While the electrophilic addition of H 2 O across a -bond is a relatively simple reaction, there is some uncertainty in the interpretation of the experimental data given the nature of the pyrimidine excited state. For this reason, we have sought a test case that is a well understood chemical reaction with clear trends that can be used to further test and validate the approaches used previously. This study focuses on the Markovnikov addition to propene as such a test case. While the reactivity under Markovnikov conditions is clear for strong acids such as HCl and HBr, it is more challenging to explain the reactivity of weak acids, which is needed in order to understand the addition of H 2 O.
A Markovnikov addition is a regioselective reaction, which results in halogenation of the carbon atom with the greatest number of alkyl bonds. By comparing a series of molecules, HX = HBr, HCl, HF and H 2 O, we can make a connection with previous work and relate the results to a large body of experimental and theoretical work. [2] [3] [4] [5] [6] [7] A recent study has shown a correlation between the rates of electrophilic addition and the hydrogenation energy of a large number of systems. [8] This correlation apparently breaks down for H 2 O and for highly polar media or under acid-catalysis. Anti-Markovnikov addition can be achieved by appropriate catalysts. Indeed, catalytic anti-Markovnikov hydration has been one of the important chemical challenges for the past 20 years. [9] These examples show the active interest in synthesis and the need to understand the role of polarization in electrophilic additions. This recent background further supports our choice of electrophiles in the present study of the mechanism of Markovnikov additions.
Density functional theory (DFT) methods have been used to correlate reactivity with molecular properties including energy, charge, and polarizability. [10] [11] [12] Correlations can be 4 made with the electron density as the central quantity for characterization of molecular properties.
[6] These ideas have been further developed in the concept of a "molecular face" presented by a molecule, which is considered a more accurate predictor of reactivity. [7] These concepts have been applied to the regioselectivity of the addition of HX-type molecules across the -bond. [2] In this study our focus is on the effects of both the acidity and the polarity of the electrophile.
This differentiates the present study from previous comparisons of the reactivity of different olefins. [10] [11] [12] The alternative statement of Markovnikov's rule is an acid HX protonates the carbon with the fewest alkyl substituents when it adds to dicarbon -bond. This is the corollary to the statement that the conjugate base, X  , forms a bond to the carbon atom with the greatest number of substituents. The basis for this rule is the fact that the carbon with the most alkyl substituents forms a more stable carbocation following protonation of the -bond. The hypothesis implies that electrophilic protonation precedes nucleophilic attack, i.e. the process is sequential rather than concerted. Propene is perhaps the simplest case for computational testing of the role of acidity in Markovnikov's rule. In the example of propene, protonation of the terminal carbon creates a secondary carbocation, which is more stable than the primary carbocation formed by the protonation of the secondary carbon. Thus, HCl and HBr, which are strong acids, tend to form adducts with the secondary carbocation in the transition state leading to the Markovnikov products (see Figure S1 ). [13] By comparing the transition states of both the Markovnikov and anti-Markovnikov addition reactions, it is possible to calculate a rate constants from first principles. This can be done for a series of molecules HX, where X = Br, Cl, F and OH. Based on the observed regioselectivity and inferred carbocation stability, one would predict a lower energy transition state for the Markovnikov than for the anti-Markovnikov route. Hence, the activation energy should be lower and rate constant should be greater for the Markovnikov pathway. In the examples studied here the thermodynamic product is also the Markovnikov product, which provides a further test for the computational approach. The comparison of the two products leads us to ask, when does the Markovnikov rule break down? The introduction of peroxides or other reagents that create radicals changes the preferred pathway to the anti-Markovnikov pathway.
[14] The radical pathway is allowed for halogens and thus addition to the terminal carbon is the 5 preferred route in this case. [4] Given the conventional view of Markovnikov addition by a strong acid, the question remains whether a weak acid will violate the rule. Specifically, Markovnikov's rule is ideally true for strong acids such as HCl, but then by that reasoning why should the rule be obeyed by a weak acid such as H 2 O? Our comparison will test predicted regioselectivity for a series of acids by examining the reactivity of weak acids, HF and H 2 O, as well as the strong acid, HCl. HBr is also a strong acid, but it has a significant propensity to add via a radical mechanism, which is why it is less studied in computational work. [14] In order to fully understand the implications of the transition state calculation, a statistical mechanical calculation of the transition rate constant will be implemented based on the ratio of the partition functions for the transition and reactant states. As shown in the results, this aspect of the calculation turns out to be crucial for an accurate interpretation of the computational results. [15] The reaction path must be determined based on a calculation of the equilibrium structures of the reactants and products. The equilibrium structure of the reactant complex of HX and CH 3 CH=CH 2 is nearly perpendicular to the -bond with the H atom of HX directed towards the mid-point of the -bond. Calculation of the transition state energy is possible using the nudged elastic band (NEB) method, which consists of a series of structures linearly connecting the reactant product structures. [16] The NEB method has been combined several other computational approaches to refine and validate the transition state. [16] [17] [18] [19] [20] [21] When bonds are broken it is possible that the ratio of partition functions for the transition and reactant states will provide a significant contribution to the transition probability, and therefore to the calculated activation energy. The vibrational partition function turns out to be important in the present case, which is perhaps understandable simply based on the fact that there are only a few high frequency vibrations affected by the M and AM addition reaction. Use of density functional theory (DFT) methods to calculate reaction paths is highly desirable due to the relatively low cost of the method, particularly when compared to post-Hartree-Fock (HF) approaches. [22] The present study presents a validation of the approach and a demonstration of the utility of the method since the density can be interpreted in terms of the Fukui function, which can be combined the molecular softness function to provide a detailed view of the origins of regioselectivity. The statistical mechanical corrections to the thermodynamic energies and the rate constants were calculated using the computer program stat_mech_rate written by Bartolotti.
This computer program takes as input the generated molecular structure coordinates, energy gradients and hessian for the reactant molecules, product molecules and transition state. It uses this information to calculate the thermodynamic quantities (such as entropy, enthalpy, Gibbs energy and equilibrium constant) and rate constant using conventional transition state theory.
[32] The atomic masses are used to generate the translational partition function which is based on a cubic box. The rotational partition function is constructed from the moments of inertia (obtained from the optimized molecular structure). Since the excited states are well separated from the ground state, the electronic partition function is taken as the degeneracy of the ground state. The harmonic vibrational frequencies are determined from the numerically calculated hessian matrix generated by DMol 3 . The program stat_mech_rate projects out the translational and rotational degrees of freedom from the hessian matrix and then performs the normal mode analysis to obtain the harmonic vibrational frequencies. These terms are then used to compute the molecular partition functions, from which equilibrium constants and transition state theory rate constants can be calculated following established methods. [33] For the transition states, the vibrational frequency along the reaction coordinate is imaginary (negative force constant) and it is not used in the construction of the vibrational partition function. This imaginary frequency is used to calculate a simple tunneling correction to the rate constant using the Wigner formula.
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[34] The significance of this correction for the calculation at hand is found in the discussion section.
The DFT calculations were compared to both MP2 and CC2 [35] [36] [37] calculations carried out using TURBOMOLE.
[38] using a SVP basis set. [39] The CC2 method is a second order perturbation theory treatment of the coupled cluster operator. [40] The correlation energy obtained from CC2 calculations is mainly applicable to excited state corrections, although it should have ground state value as well. This comparison presented extends therefore provides interesting insight into the difference between MP2 and CC2. [40, 41] The COSMO dielectric continuum model was employed in order to obtain an estimate of solvent effects. [42] The calculations were carried out for a dielectric constant of  = 37, which would be the value for acetonitrile. This is the most likely polar solvent. The value actually changes relatively little above  = 37, since the reaction field saturates at high field and is within ca. 85% of its final value by the time  = 10.
DFT methods are well suited to quantitative study of the effects of local differences in electron density on reactivity. We have also calculated Fukui function [43] [44] [45] (for N = 0.2) for each of the reactions,
The global softness was calculated using the standard approach [46] Using these two quantities we have examined the effects of local softness and the difference in the Fukui function between ground and transition states to decompose the thermodynamic trends into local density effects.
[12]
Results
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The structures of the geometry optimized reactants all have a HX (or H 2 O) molecule orthogonal to the propene -bond with the hydrogen atom directed towards -bond as shown in Figure 1 . Their energies are reported in Hartrees in Table S1 of the Supporting Information. This type of hydrogen bonding pattern has been characterized for many molecules interacting with alkenes and alkynes. [47] [48] [49] Using this starting point and either 1-or 2-X propane as the product, the NEB calculations were run for approximately 70 iterations until the convergence criteria were met. The 30 geometries used to construct the NEB define a reaction path, which has a distinct maximum in each case (see Figure S1 ). The results from the converged NEB calculations resulted in a transition state for each of the reaction paths studied. The calculated binding energies of the transition states were obtained using the program DIMER ( Table 5 (Table 5) . However, HOH has a smaller transition energy for the anti-Markovnikov mechanism based only on the energy calculated using the NEB and DIMER combined methods. This apparent reversal of the ordering of M and AM for HOH is mitigated by the changes in vibrational mode frequency and the effects of the zero-point contribution to the energy as shown in Table 1 . The calculated rate activation energy and rate constant that are used to correct for all kinematic effects (including rotational and vibrational partition functions) follows the trend E a (M) < E a (AM) for all species (Table 1) . When these factors are included, the calculated rate constants show a general increasing trend in the order H 2 O < HF < HCl < HBr, but the ratio of the rate constants k(M)/k(AM) is approximately 10 5 for the entire series (Table 1) . Thus, we see the importance of including the partition function in the calculated activation energy and rate constant. The corrections to the thermodynamic parameters are less critical than the kinetic parameters. However, one sees in Table 2 The activation energies and reaction internal energies obtained by both CC2 and MP2
calculations presented in Tables 6 and 7 can compared to the values in Table 5 using DFT without the inclusion of the correction based on the partition function (see Tables 1 and 2 ). The trends are similar and the activation energy increases in the order HBr < HCl < HF < H 2 O for all methods. The DFT calculation shows a much larger difference in the activation energy in the series of electrophiles ( Table 5 ). The anti-Markovnikov has a greater activation energy than the Markovnikov reaction in all cases except H 2 O in the DFT calculation (Table 5 ). However, the order of M and AM for H 2 O calculated by DFT follows the trend of the other methods when the partition function is included (Table 1) .
In order to understand the origins of the structural and energetic trends described above, we can examine the charge distribution in the transition state in order to determine the correlation of the electronic structural change due to the polarization of the adding group with the reaction rate. The central carbon, C2, in the M pathway has a positive Hirshfeld charge that increases in the order Br > Cl > F > OH (  for the M or AM mechanism, respectively. The combined charge distribution is a quadruple, which has an increasing magnitude for the larger halogens and is significantly larger for M than AM addition. This is illustrated schematically in Figure 5 Table 9 ).
The change in the local softness, s k , between the TS and GS shown Table 10 for Cl it is more nearly equal (4.56 vs. 3.26). We observe a qualitative change of F and OH, in which the s 2 is actually larger for the AM pathway than for the M pathway. However, the s 2 -s 1 difference is still larger for M by a small margin for F (2.00 vs 1.92). For OH the difference is actually larger for the AM pathway (2.66 vs. 2.70).
Discussion
The Markovnikov (M) product of addition to an alkene is the preferred product for an ionic mechanism, which is relevant when the attacking group is a strong acid. DFT calculations show that the M product is preferred for all of the reactants studied despite enormous differences in the acidity of the adding species. HBr and HCl are strong acids. HF is a weak acid with a pK a ~ 3.1 and H 2 O, of course, has a pK a = 15.7. One can conclude that a sequential mechanism ( Figure 2 ) is operative in the Markovnikov addition of all four molecules studied. In this case, the sequential mechanism refers to the fact that the H-X bond is broken prior to the formation of the C-X bond. The alternative is a concerted mechanism in which H + and X  add simultaneously across the -bond.
The results suggest that the transition state is not concerted, which explains why acid catalysis can lower the energy of the transition state. Acid catalysis is well known in the A recent study presents the provocative hypothesis that there is a correlation between the core electron energies of the carbon atoms and the local reactivity. [53] The experimental trend in the 1s ionization energies of ethene, propene and 2-methylpropene correlates with the rate of addition of electrophiles, HX. The idea that the ionization of the core is related to the reactivity of the valence orbitals does not follow common assumptions about the importance of the frontier orbitals. The conclusion of the study is that the ground state properties are most important for defining reactivity. [6, 7, 12, 54] The hypothesis of ground state properties as the foundation of reactivity is consistent with the quadrupolar transition state, since the addition of the H atom will occur in such a way as to create the most stable C-H bond. That bond is also dipolar and we can see the trend in the calculation that the bond is more stable for C1 than C2 in the molecules studied.
In order to understand this relationship more deeply we invoke the philosophy of the DFT method, which states that the electron density should be used not only for the energy calculation, but also for evaluation of molecular properties. We have used DFT to provide the energies, vibrational partition function, and Fukui function each of which gives an aspect needed to understand why H 2 O addition to propene follows the Markovnikov trend. DFT calculations provide the equilibrium constants and transition state theory rate constants defined in Eqn. 5:
where is the tunneling correction [34] given by (6) In this definition, refers to the mode that is along the transition state coordinate. In the case of the Markovnikov addition, that coordinate has a large component of X-H stretching, where X = Br, Cl, F or OH. Because the transition state has an imaginary frequency, it is not included in the vibrational partition function at the transition state. We write the transition state rate constant as: (7) The transition state rate constant can be calculated using inputs from either experiment or the calculation based on the reactant and transition state partition functions are well known and are given in the Supporting Information for completeness. We have used the inputs from DFT for the calculation of these quantities, since these differ by less than 2% from experiment. [55] The H-X stretching vibrations in the q HX partition function have the value HF(3987 cm are implied in the DFT calculations and we have not used any other inputs or data to arrive at these conclusions. The importance of this insight is that the X-H stretching mode that gives rise to these effects is the bond breaking coordinate that gives rise to proton transfer, which in turn is the event that gives to charge transfer necessary to explain the excited state dipole character. The 15 polar nature of the transition state in M pathway is correlated with a significant elongation of the X-H bond in the transition state. This is a major structural difference vis-à-vis the AM pathway.
The reason that the X-H is crucial is that this elongation is coupled to proton transfer to the terminal carbon to create a polar transition state. The (partial) protonation of the terminal carbon atom simultaneously stabilizes X  and the allyl carbocation, hence it creates a polar transition state. COSMO results in a significant lowering of the activation barrier, which is greatest for the most polar transition state, i.e. HBr > HCl > HF > H 2 O. Actually, H 2 O is destabilized by solvation because it is relatively less polar than the hydrohalides. [42] One There is a general trend across all systems studied for to be larger for the M than the AM reaction. However, decreases significantly in the order HBr > HCl > H 2 O > HF while the local selectivity function is quite similar for all four of the M reactions. The overall reactivity function, , has a larger difference between C1 and C2 for the M than for the AM reaction for reactant except HF where the M and AM are nearly the same. This fact indicates that the M transition state will be more polar than the AM transition state in all cases except HF, where the polarity is predicted to be nearly equal. This analysis agrees with the Hirshfeld charges in Table 9 . The analysis of the quadrupole in the transition state agrees with the difference in for C1 and C2. Both methods of analysis indicate that there is a larger charge asymmetry in the M transition state than in the AM transition state. Another measure of the polar nature of the transition state is the charge difference between H and X, which also contributes to the quadrupole. The difference is larger for M than AM for all of the species except HF where the difference is nearly equal. Hence, the Fukui/softness analysis in Table 10 reinforces and more precisely quantifies the quadrupolar nature of the transition state one obtains from the charge partitioning analysis shown in Table 9 . These conclusions agree with the solvent effect on the transition state calculated using COSMO, which shows that polar solvents lower the activation energy, which is an expected outcome for a polar transition state. The fact that electrophilic addition of H 2 O follows the Markonikov trend can be understood succinctly as follows. H 2 O is a strongly polar molecular, which gives rise selectivity that is as great as HCl or HBr. However, the low acidity of H 2 O means that its global reactivity is much lower that for HCl or HBr as indicated by the softness function. [56] The regioselectivity for H 2 O addition to 1-propene calculated by DFT methods is in agreement with the known reactivity of H 2 O with 1-propene in the industrial production of 2-propanol (isopropanol). The direct process involves hydration of propene without intermediacy of an acid, which is a feasible process provided the propene is quite pure. [57] It is interesting to note that the process using H 2 SO 4 instead of H 2 O was used prior to 1951 because it was necessary to boost the reactivity under conditions in which the propene was not very pure. As expected, the factors discussed above that favor the Markovnikov mechanism can be mitigated by use of a radical initiator to cause the reaction to proceed via a radical mechanism. This is done in some cases to produce 1-propanol from propene and H 2 O. [13, [58] [59] [60] This study shows the utility of the NEB approach for locating transitions implemented using DFT for energy calculations. There is a dipole across the C1-C2 bond, but also involving each of the adding species H and X.
Because of the two dipoles involved one can characterize transition state as a quadrupole.
